We used the CORSIKA simulation program to study the contribution of different components of an air shower to the total energy deposit and we present the results for different angles and primary particles. We have also calculated the amount of missing energy and parametrized the fraction E cal /E 0 as a function of E cal . Our results show that this parametrization varies less than 0.7% with angle or observation level. The dependence with the primary mass is less than 5.5% and, with the high energy interaction model, less than 2.3%.
Introduction
Numerous efforts are currently being undertaken to detect ultra high energy cosmic rays (UHECR), as they will give information not available before about the universe. Most of the new experiments are based on the fluorescence technique using the atmosphere as a calorimeter to measure the longitudinal development of air showers. Therefore, their energy reconstruction relies on the knowledge of the energy dissipated in the atmosphere through ionization and on the amount of missing energy.
As the shower develops through the atmosphere, most of its energy is deposited in the air, and a small fraction of it is emitted as fluorescence light. Nevertheless, not all the primary energy is deposited in the calorimeter. Muons and neutrinos can carry away a significant fraction of the shower energy while traversing the atmosphere almost unaffected. Since the calorimetric energy (E cal ) is estimated through the light profile measured by the fluorescence telescopes, the fraction of the primary energy carried by neutrinos, muons and hadrons to ground level cannot be tracked.
This fraction of the primary energy, that cannot be seen by the fluorescence telescopes, is the missing energy (E miss ). The amount of missing energy as a function of the calorimetric energy was initially evaluated by J.Linsley [1, 2, 3] and the Fly's Eye group [4] . More recently it was recalculated with simulations by C.Song et al [5] .
In this paper we used the CORSIKA simulation program to study the contribution of different components of an air shower to the total energy deposit for different angles and primary particles. With this information, we calculated the amount of missing energy and indirectly parametrized the fraction E cal /E 0 as a function of E cal . We also studied the dependence of this parametrization on the the high energy interaction model and observation level.
The outline of this paper is as follows: in section 3 we discuss the concept of missing energy and give the prescription we used to calculate it. Section 2 gives a brief description of the simulations we performed. We present in section 4 a summary of all the longitudinal energy deposit profiles generated in the simulations and we discuss the missing energy correction curve obtained. Our final conclusions are presented in section 5.
Simulation
The CORSIKA [6] simulation code version 6.20 was used to study the energy deposit of air showers in the atmosphere. This Monte Carlo package is designed to simulate extensive air showers, up to the highest energies, and it is able to track, in great detail, all particles.
Particularly, the program provides longitudinal development tables for the energy deposit as a function of the atmospheric depth [7] . For each kind of particle (gamma, electron, muon, hadron and neutrino), the energy lost by ionization in air and simulation cuts (angle and energy thresholds) are specified. There is also information about the amount of energy carried by particles hitting the ground.
In this paper, QGSJET01 [8, 9] has been employed for higher energies E lab > 80GeV , and GHEISHA [10] for lower energies. Optimum [11, 12] thinning [13] was applied, so as to reduce CPU time, while keeping the simulation detailed enough for our purposes. We have used a thinning level of 10 −4 , with maximum weight limitation set to 10 −4 E 0 /GeV for electromagnetic particles, and 10 −6 E 0 /GeV for muons and hadrons.
The energy threshold for electromagnetic particles was set to 50keV and, for hadrons and muons, 50M eV . Ground level was fixed to 1400m.
Proton and Iron initiated air showers were simulated for energies between 10 18 − 10 20 eV and four different angles 0 o , 30 o , 45 o and 60 o . For each combination of these parameters, 100 shower simulations were performed, and the mean longitudinal profiles of energy deposit were carefully studied.
With the angle fixed at 45 o , we have also simulated proton and iron showers with a different high energy interaction model (sibyll2.1) and detection level (near sea level).
Missing Energy
In order to evaluate the amount of missing energy in air showers we have used the mean longitudinal profiles of energy deposit present in the CORSIKA output.
As monte carlo codes are not able to follow all low energy particles in detail, due to CPU time requirements, we need to consider what happens with low energy particles in the atmosphere, i.e., how should we treat the energy carried by gammas, electrons, muons and hadrons not tracked due to the simulation cuts.
For the low energy electromagnetic particles, we made the assumption that all the energy is deposited, since only electromagnetic processes are significant.
The low energy muons will decay emitting one electron and two neutrinos. Hence the energy is divided approximately equally between them. Therefore, we consider that 1/3 of the energy of low energy muons, not tracked by the Monte-Carlo, is deposited in the air. The other 2/3 contribute to the missing energy.
For the hadrons, we follow Gaisser [14] and consider the same partition of energy used for the muons. This is so because they will decay emitting pions, subsequently leading to muons or gammas.
Therefore, in the next sections, the prescription used for calculating the missing energy is as follows:
where E ν is the energy carried away by neutrinos and the other terms refer to muons and hadrons dropped from the simulation. The indexes air-cut refer to the angular and energy cuts in the atmosphere. The indexes grd-cut refer to the energy carried by particles to observation level.
Since E 0 = E miss + E cal , we can indirectly calculate the fraction of the calorimetric energy measured with the fluorescence telescopes by:
Results
For clarity, we present in this section the results from our simulations. In table 1 we show, for each simulated angle and energy, the contribution for the energy deposit from different shower components, as a percentage of the primary energy. Each three lines, corresponding to a fixed choice of angle and energy, discriminate three different contributions for the energy deposit, which we have called: (ION) ionization in air, (CUT) simulation cuts and (GRD) particles arriving at ground. Each column gives the contribution from different shower components: gammas, electrons, muons, hadrons and neutrinos. The first value (first/second) refers to proton primaries, while the second refers to iron primaries.
The first line accounts for ionization energy losses in air, and hence we have no contributions from gammas or neutrinos. We have considered all such contributions as calorimetric energy (see equation 1).
The second line gives the total energy of particles left out of the simulations because of angular or energy cuts. Since particles being emitted upward must have very low energy (though not as low as the simulation energy threshold), we applied the prescription given in section 3. Hence, all energy from gammas and electrons not followed by the monte carlo, were considered as calorimetric energy. For muons and hadrons, 2/3 were counted as missing energy. Since neutrinos are not tracked in the simulation, they are dropped as soon as produced. That is why we have all their contributions in the second line (cuts). We have considered all their energy as missing energy.
The last line gives the amount of energy carried by particles arriving at the observation level. In this case we have considered all energy from gammas and electrons hitting the ground as calorimetric energy. It has to be so, because they are accounted for when evaluating the track length integral of the reconstructed charged particle profile, to find the calorimetric energy. For muons and hadrons, we have considered all the energy arriving on the ground as missing energy.
Missing energy
We have used the data in table 1 to evaluate the mean missing energy for each combination of angle, energy and primary particle as given by equations 1 and 2.
In the upper panel of figure 1 , the correction factor for the missing energy is shown, plotted as the fraction E cal /E 0 , as a function of E cal . We can see that the variation in the amount of missing energy is only slightly dependent on the angle. At 10 19 eV , the ratio E cal /E 0 varies between 91.0 − 91.2% for protons, and between 87.4 − 87.8% for iron. Even at other energies, where we found a stronger dependence, the variation is less than 0.7%.
On the other hand, the raio E cal /E 0 is largely dependent on the primary mass. At a fixed angle, the difference in the amount of missing energy for proton and iron induced air showers decreases with energy. For instance, at 45 o this difference is 5.5%/10 18 eV , 3.8%/10 19 eV and 2.5%/10 20 eV . Therefore, the total systematic error while calculating the primary energy with a mean curve, for iron and proton, and a fixed angle is less than ±2.8% ± 0.4%. In table 2, we give the fitting parameters of the mean missing energy correction function for different simulations conditions. For 45 o showers, this is:
The lower panel of figure 1 shows in detail the mean missing energy correction (50%proton + 50%iron). As can be noticed, there is only a small shift in the curves relative to the previous result by Song et al. Both results agree to within 0.8%, but the simulations were not carried under the same conditions and should not be compared directly. On figure 2 (upper panel) we compare, for 45 o , the missing energy correction curves obtained with the ground level set to 1400m and 110m, which compares well with the 300m used by C.Song et al. As can be seen, the 0.8% difference is due to the observation level change.
We found a much more strong dependence with the interaction model, as shown in the lower panel of figure 2 . We compared, for proton and iron at45 o , the missing energy correction curves obtained with QGSJET01 and Sibyll2.1 [15] models. The difference is practically constant: around 2.3% for proton and 2.2% for iron. In all case, sibyll predicts less missing energy than qgsjet.
Conclusions
Although we have used an indirect and completely new way of calculating the fraction E cal /E 0 , our result agrees with the previous calculation of Song et al, within the simulation limits.
We have found that the missing energy content in extensive air showers varies less than 0.7% with angle or observation level. The dependence with the primary mass is less than 5.5% and, with the high energy interaction model, less than 2.3%.
Therefore, we estimate that the total systematical error introduced by the use of just one parametrization of the missing energy correction curve, for a mixture of proton and iron, is below 3%. 
